This note presents an optimized substrate-free focal plane array ͑FPA͒, which is implemented in an optical readout uncooled infrared ͑IR͒ detector. The supporting frame of such FPA is a temperature-variable one due to the large decreases in both the heat capacity and the thermal conductance. This brings a unique thermal characteristic: the supporting frame functions as a "thermal isolation" frame which reduces the thermal conductance and therefore increases the temperature change and also functions as a "thermal diffusion" frame which certainly results in the temperature prechange in the ones not absorbing IR radiation. This characterization could significantly increase the temperature change of microcantilevers and therefore improve the performance of the substrate-free FPA. In the proposed IR detector, the fabricated 160ϫ 160 FPA has an average noise equivalent temperature difference ͑NETD͒ and a response time of 330 mK and 16 ms, respectively. The performance of the IR detector theoretically increases by about 5.5 times compared with the one using a substrate FPA. Here, the geometry of the substrate FPA is just the same as the fabricated FPA, but the supporting frame is assumed to be a temperature-constant one. If the optical readout sensitivity can be increased enough using an enhanced IR absorber, the fabricated FPA thus has the potential to achieve a NETD value of 70 mK.
I. INTRODUCTION
IR radiation detectors can be classified broadly as either cooled detectors ͑photon detectors͒ or ucooled detectors ͑thermal detectors͒. In recent years, much attention has been attracted by uncooled IR detectors for their improved performance and reduced cost. 1, 2 Currently, research on uncooled IR detectors is mostly focused on microcantilever ones. They operate on the simple principle that the temperature change, which is induced by the incoming IR radiation, could be measured by any temperature-dependent mechanism, such as thermoelectric voltage, resistance, and capacitance. Among these readout methods, optical readout does not require any microcircuit and, therefore, a better performance can be obtained due to its less thermal conductance, electronic noise, and fabrication complexity. Since the 1990s, researchers [3] [4] [5] [6] have done much work on optical readout uncooled IR detectors and demonstrated varying degrees of success. Zhao et al. analyzed that such optomechanical detectors have the potential to reach a noise equivalent temperature difference ͑NETD͒ value below 5 mK.
The traditional focal plane arrays ͑FPAs͒ [3] [4] [5] [6] are fabricated using surface sacrificial layer technology. The microcantilevers are suspended on a silicon ͑Si͒ substrate with a gap of 2 -3 m typically. If they are used for optical readout IR detectors, the IR radiation must first get through the substrate and then be absorbed by the microcantilevers. Hence, the IR radiation will be attenuated by about 50%. 7 Moreover, there is a possibility that the microcantilevers may stick to the substrate in the sacrificial layer releasing process or in a random thermal/mechanical shock. Furthermore, the heat capacity of the substrate is much higher than that of the microcantilevers; the substrate is hence assumed to be a temperature-constant one and the microcantilevers function independently. The thermal conductance of each microcantilever is mainly determined by the conductance through the legs ͑heat transfer path͒, where radiative heat exchange is also non-negligible. Air convection can be neglected for the vacuum environment ͑Յ1 Pa͒. The author's group proposed an optical readout uncooled IR detector in 2003 ͑Ref. 8͒ and designed a substrate-free FPA subsequently, 9 which greatly simplifies the fabrication process ͑does not use the surface sacrificial layer technology͒ and, moreover, solves the aforesaid problems in traditional FPAs. Up to now, several batches of such design but different pitches 10,11 ͑either 200ϫ 200 or 120ϫ 120 m 2 pitches͒ have been fabricated successfully. Using these FPAs, thermal images were obtained at room temperature by the implemented prototype. In the previous analysis, the supporting frames of these FPAs were assumed to be temperatureconstant ones due to their high thermal conductance ͑the cross sections of the supporting frames were either 10ϫ 2 or 5 ϫ 1 m 2 ͒. Hence the microcantilevers, just the same as the ones in the traditional FPA, function independently and there is no obvious improvement in performance. This paper presents an optimized substrate-free FPA with a 60ϫ 60 m ductance and the heat capacity, the supporting frame of such geometry is a temperature-variable one, which could significantly increase the temperature change of the microcantilevers, and therefore improve the performance. Using the fabricated 160ϫ 160 FPA, an average NETD value of 330 mK was thus obtained.
II. FABRICATION AND READOUT

A. Fabrication of substrate-free FPA
The author's group designed a substrate-free FPA in 2004. 9 The Si substrate was removed completely and the microcantilevers extend from a supporting frame. This design does not use the surface sacrificial layer technology and, therefore, simplifies the fabrication process. Moreover, because of the absence of the Si substrate, a reasonably high IR absorptivity can thus be obtained.
7 Figure 1 shows a fragment of the fabricated 160ϫ 160 FPA. The microcantilevers are tiled in a pattern with a 60ϫ 60 m 2 pitch. Also shown in the insert is a close-up of an individual pixel, where the patterning of the deposited Au layer is readily apparent. The darker area on the FPA is the low stress SiN x , and the brighter area indicates the presence of Au. Each microcantilever consists of an IR absorber ͑or optical reflector, an Au layer is deposited on the opposite to reflect off the probing light͒ and twofold interval-metallized legs, which extend from the supporting frame. Because of the dissimilar coefficients of thermal expansion, there will certainly be temperature-dependent deflections in the bimaterial legs. The twofold structure here is utilized to magnify these deflections. As a supplement to the fabricated FPA, Tables I and II show the material properties and the structural parameters, respectively.
The basic fabrication steps used in the substrate-free FPA is shown in Fig. 2 . ͑a͒ It starts from a double side polished Si wafer with a thickness of 500 m. ͑b͒ A low stress SiN x film of 0.3 m in thickness is deposited on both sides by low pressure chemical vapor deposition. ͑c͒ Then inductively coupled plasma ͑ICP͒ etching is used to pattern a wet-etching window on the back side of the Si wafer. ͑d͒ On the front side, the ICP etching is used again to pattern the SiN x geometry. ͑e͒ Lift-off technology is followed to form the twofold interval-metallized legs. In order to decrease the undesired deformation in the IR absorber, only a 50 Å Au layer is deposited here. ͑f͒ The final step is the removal of the Si substrate using wet etching. It is worthy to note that the overall level of the fabrication complexity is significantly lower compared with the fabrication reported previously.
B. Optical readout
The schematic illustration of the optical readout uncooled IR detector is shown in Fig. 3 . The IR radiation ͑8-14 m͒ from the target is focused onto the FPA using an F = 0.8 IR lens. The incident IR energy therefore increases the temperature of the microcantilevers and leads to a bending deflection in the bimaterial legs. Simultaneously, a lightemitting diode is used as a source of the probing light. The diverging light emitted by this spot source was refocused by the Fourier lens so that it converges to a size of the FPA at the object plane. The parallel beam reflected off the FPA reaches its minimum cross section at the front plane of the imaging lens mounted on a charge coupled device ͑CCD͒ camera. The required angle-to-intensity conversion is achieved by the knife-edge filter, which operated on the spectral plane of the Fourier lens. Undoubtedly, this mechanism could convert the deflection of individual microcantile- vers ͑induced by the different temperatures of the target being imaged͒ into proportionally varying intensities of the light, which projected onto a CCD chip. As a result, the object thermally imaged on the FPA is reconstructed readily by a CCD camera. The optical readout sensitivity can be expressed as
where ⌬I is the gray-level change of the CCD chip, which has a quantization level of N, ⌬ is the change of the deflection angle, is the wavelength of the probing light, and L is the reflector length. With the values of = 0.5 m, L =53 m, and N = 4096 ͑12 bit CCD͒, a minimum detecting angle of 10 −6 rad is thus obtained. However, the undesired deformations, primarily induced by the stress mismatch between the materials SiN x and Au, will seriously disperse the diffraction spectrum and therefore decrease the optical readout sensitivity. The theoretical analysis shows that the optical readout sensitivity will decrease by 50% if the reflector has a deformation of / 5.
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III. PERFORMANCE ANALYSIS AND RESULTS
In order to gain insight into the performance of the optimized substrate-free FPA, which is implemented in the proposed IR detector, a series of figures of merit commonly used in the field, such as thermal response sensitivity, thermal response time, and NETD, was evaluated. The experimentally measured values were also compared against these computational predictions.
A. Finite element analysis
For the given geometry, the supporting frame of the FPA ͑3 ϫ 0.3 m 2 in the cross section͒ is a temperature-variable one due to its large decreases in both the thermal conductance and the heat capacity. This brings a unique thermal characteristic: the supporting frame functions as a "thermal isolation" frame which reduces the thermal conductance and therefore increases the temperature change and also functions as a "thermal diffusion" frame which certainly results in the temperature prechange in the ones not absorbing IR radiation. Hence, the temperature change of each microcantilever is dependent on both the IR absorption by itself and the linear superposition of the temperature prechange by the other ones. This inference is well supported by the finite element analysis. Using the parameters in Tables I and II , a three-dimensional finite element model ͑FEM͒ with 30 ϫ 30 pixels ͑microcantilevers͒ was developed. Here, a larger array of pixels is unnecessary according to the thermal diffusion level of the supporting frame. As in the finite element analysis, the thermal conductance of the FPA ͑including radiative heat exchange͒ was simulated, but air convection was neglected for the vacuum environment ͑Յ1 Pa͒. 13 The other assumptions used in the finite element analysis also included the incident heat flux of 10 pW/ m 2 , according to which the temperature change of IR targets ⌬T S can thus be estimated to be 17.97 K, 14 and the temperature boundary condition was constant at 298 K.
First, the temperature distribution with the incident heat flux solely inputted on the surface of one pixel was simulated ͓Fig. 4͑a͔͒, where the temperature prechange can be seen. Meanwhile, benefiting from the thermal isolation frame, the maximum temperature change of 0.314 K increased by 25% as compared with the temperature change of 0.251 K in the substrate FPA ͓Fig. 4͑b͔͒. Here, the substrate FPA means that the geometry of the FPA is just the same as the fabricated FPA, but the supporting frame ͑or the Si substrate͒ is consid- ered to be a temperature-constant one. Figure 4͑c͒ shows a detailed comparison of the temperature change in the 15th column. Note that the temperature change in the substrate FPA can also be calculated to be 0.169 K based on the deductions in Refs. 10 and 11, where both the IR absorption and radiation of the legs are neglected. For each microcantilever, the thermal conductance is mainly determined by the conductance through the heat transfer path, delivering from the twofold interval-metallized legs to the supporting frame, where radiative heat exchange also needs to be included. The finite element analysis predicted the thermal conductance to be 3.5ϫ 10 −8 W / K, which is calculated as G = qA / ⌬T C , where q is the incident heat flux ͑10 pW/ m 2 ͒, A is the area of the IR absorber ͑1113 m 2 ͒, and ⌬T C is the temperature change ͑0.314 K͒. A response time calculated as = C / G, where C is the heat capacity of the IR absorber ͑=5.67 ϫ 10 −10 J / K͒, was therefore 16 ms. This value is consistent with the experiment: a 30 frames/s real-time thermal video has been obtained using the fabricated FPA. Then, based on the thermal diffusion level that there was about a 10ϫ 10 block of adjacent pixels influenced, the incident heat flux was inputted on the surface of 10ϫ 10 pixels and, as a result, the temperature distribution was obtained. The advantage primarily benefiting from the thermal diffusion frame is thus presented in Fig. 4͑d͒ . The temperature change in the ones absorbing heat flux has a span from 0.899 to 1.224 K, increased by 2.6-3.9 times compared with the substrate FPA ͓Fig. 4͑e͔͒. Figure 4͑f͒ shows a detailed comparison in the 15th column. Because of the linear superposition of the temperature prechange, there is also a temperature change in the microcantilevers not absorbing heat flux, which spans from 0 to 0.414 K. This brings suspicion that the modulation transfer function ͑MTF͒ of the optimized substrate-free FPA will be not particularly good. However, the imaging experiments confirmed that the thermal cross talk caused by the thermal diffusion frame is not much severe and the fabricated FPA is indeed a good IR sensor. The finite element analysis was therefore used to present some rough understandings of the thermal cross talk. The heat fluxes with different spatial resolutions were inputted on the surface of the FEM and the temperature distributions were therefore obtained. Figure 5 shows the detail in the 15th column, where the red line indicates the presence of heat flux. When the heat flux is at a coarse spatial resolution, the MTF of the optimized substrate-free FPA is particularly good, but as the spatial resolution is increased, the MTF decreases obviously, ranging from excellent to poor. Interestingly enough, when the heat flux is at an extremely fine spatial resolution with an interval of one pixel ͓Fig. 5͑d͔͒, the MTF value is only 0.224, but its average temperature change ͑0.66 K͒ is about 1.6 times higher than the substrate FPA ͑0.251 K͒. This means that the optimized substrate-free FPA has enormous advantages in the recognition of weak IR targets but with a decline in MTF if IR targets are at a fine spatial resolution. Yet note that the FEM is just 30ϫ 30 pixels. The heat flux used in Fig. 5 actually corresponds to a very fine spatial resolution for the 160ϫ 160 FPA. The estimates therefore are reasonably lower than the actual values. Practically, IR targets are usually at a coarse spatial resolution for the most common applications, and the extreme case of fine spatial resolution in Fig. 5͑d͒ is indeed rare. Hence the fabricated FPA demonstrates excellent performance with a good MTF value. On the other hand, the thermal cross talk induced by the thermal diffusion frame can be weakened by further optimization. An intuitive way is to decrease the thermal conductance of the supporting frame. The merits obtained are shown in Fig. 6 . A close-up in the insert clearly shows that the thermal cross talk is weakened markedly with the decrease in the thermal conductance which spans from infinity to zero. This optimization cannot only inhibit the thermal cross talk but also increase the temperature change of the microcantilevers. If the thermal conductance of the supporting frame could theoretically decrease to zero, there will be only radiative heat exchange. The thermal cross talk, therefore, can be avoided completely and the temperature change is close to the maximum limit of 1.48 K. However, in order to function at least at 25 frames/s for real-time thermal video, a response time of less than 40 ms is essential, and the performance of the fabricated FPA thus could increase by about 87% using this optimization, and moreover, with a weakening of thermal cross talk.
B. IR radiation conversion efficiency
One important parameter of uncooled IR detectors is the IR radiation conversion efficiency, ⌬T C / ⌬T S , where ⌬T C is the temperature change of the microcantilevers and ⌬T S is the temperature change of IR targets. According to the finite element analysis, the temperature change of each microcantilever would increase remarkably with the amount of the neighbors absorbing IR radiation but be limited by the thermal diffusion level of the supporting frame. Meanwhile considering that there are usually groups of pixels simultaneously absorbing IR radiation, the temperature change of 1.224 K is therefore a reasonable value to evaluate the fabricated FPA, in which the thermal diffusion level is about a 10ϫ 10 block ͑Fig. 4͒. Hence, the IR radiation conversion efficiency can be estimated to be 6.81%, increased by about 3.9 times as compared with the substrate FPA of 1.40%.
C. Thermomechanical sensitivity
Another important parameter is the thermomechanical sensitivity S T , which is defined as the deflection angle of the microcantilevers, ⌬, to the temperature change ⌬T C . The S T of single-fold interval-metallized legs can be expressed as
where ␣ is the coefficient of thermal expansion ͑CTE͒ of the materials, t is the thickness, L is the length of the bimaterial leg, and K is given as
where tЈ is the thickness ratio of Au and SiN x and ⌽ is the elastic modulus ratio. Accordingly, the S T of twofold interval-metallized legs can be given as follows: In the previous work, the supporting frame ͑or the Si substrate͒ is a temperature-constant one. There will certainly be a linear temperature gradient from the IR absorber to the supporting frame. The thermomechanical efficiency of the second fold is thus only 50%, and the general S T is therefore 1.5 times that in the single-fold structure. Using the parameters in Tables I and II , it can be calculated to be 2.62ϫ 10 −3 rad/ K. Now, the supporting frame of the fabricated FPA is a temperature-variable one. Usually, the temperature of the supporting frame is very close or equal to that of the IR absorber. So the thermomechanical efficiency of the second fold is maximized to be about 100% and the general S T is 2.0 times that in the single-fold structure. The analytical calculation yielded the S T of 3.49ϫ 10 −3 rad/ K. The finite element analysis was also used to estimate the thermomechanical efficiency in the FPAs. The temperature distribution of an individual pixel, selected from the substrate FPA, is shown in Fig. 7͑a͒ , where the linear temperature gradient can be seen. The temperature change in the second fold is only about 60% of that in the first fold. The general S T was thus evaluated to be 2.64ϫ 10 −3 rad/ K ͓Fig. 7͑b͔͒, which corresponds with the analytical calculation. Figure 7͑c͒ shows the deflections in the substrate-free FPA, where the microcantilever is usually an isothermal structure. The finite element analysis yielded the general S T of 3.36 ϫ 10 −3 rad/ K, increased by about 30% compared with the substrate FPA.
D. NETD
NETD is usually used to evaluate the performance of IR detectors. For each microcantilever, the NETD value can be calculated as FIG. 7 . ͑Color online͒ ͑a͒ The temperature distribution of an individual pixel, which was selected from the substrate FPA. ͓͑b͒ and ͑c͔͒ The deflections of the fabricated/substrate FPA, displaced at a magnification of 500.
where I noise is the gray levels of system noise and ⌬I / ⌬T S represents the thermal response sensitivity, defined as the gray-level change ⌬I due to the temperature change of IR targets ⌬T S . It can be theoretically expressed as
where ⌬T C / ⌬T S is the IR radiation conversion efficiency, ⌬ / ⌬T C is the thermomechanical sensitivity, and ⌬I / ⌬ is the optical readout sensitivity. Because of the undesired deformations in the fabricated FPA, which are primarily induced by the stress mismatch, the IR absorbers are acurate with a curvature radius of about 10 mm ͑Fig. 8͒. This therefore seriously decreases the optical readout sensitivity. 12 The average ⌬I / ⌬ value was experimentally measured to be 1.82ϫ 10 5 gray levels/ rad, which is far below the theoretical prediction of 8.68ϫ 10 5 gray levels/ rad. Based on the aforesaid analyses, the predictions for both the fabricated FPA and the substrate FPA can thus be calculated to be 43 and 6.6 gray levels/K, respectively. The performance of the fabricated FPA therefore increases by about 5.5 times, which mainly benefited from the temperature-variable supporting frame.
The histogram of system noise for the proposed IR detector is shown in Fig. 9͑a͒ . It has an average value of 8 gray levels, which was measured experimentally with the CCD chip functioning at a very high illumination ͑the average gray levels is 3800 for the 12 bit CCD͒. Figure 9͑b͒ shows the histogram of thermal response sensitivity, which is obtained by measuring the relationship between the gray levels of each microcantilever and the temperature changes of IR targets by using a calibrated blackbody. An average ⌬I / ⌬T S value was thus measured to be 24 gray levels/K, which corresponds to a NETD value of 330 mK. Some microcantilevers, however, exhibited ⌬I / ⌬T S values of more than 50 gray levels/K ͑a NETD value of 160 mK͒. This means that only a relatively small portion of the fabricated FPA has close to the optimal efficiency. It is important to emphasize that if the substrate FPA is used in the proposed IR detector, the thermal response sensitivity of 6.6 gray levels/K is lower than the system noise of 8 gray levels, so it cannot obtain the IR images at room temperature.
E. IR imaging
Thermal images of IR targets were captured to directly demonstrate the IR imaging capability of the proposed IR detector. A background image was first captured and stored. Then, when IR targets were imaged in front of the IR lens, images of the FPA were continuously acquired in a video mode with a frequency of 30 frames/s. During the image acquisition, the background image was subtracted from each frame and the result of this subtraction was displayed in real time. The thermal response time of 16 ms for the fabricated FPA is acceptable for a 30 frames/s real-time thermal video.
Examples of thermal images, obtained by the optimized substrate-free FPA, are shown in Fig. 10 . The pixels that appear darker indicate the following: ͑1͒ some bad microcantilevers occur in the fabricated FPA, which is mainly caused by the failure in the fabrication process; ͑2͒ a certain fraction of the microcantilevers are deflected at angles different from the rest of the FPA. The portion of the probing light reflected off them is therefore blocked by the knife-edge filter and is missing from the thermal images.
F. Discussion
The performance of the fabricated FPA was largely restricted by the optical readout sensitivity. As shown in Fig. 8 , primarily induced by the undesired deformations, the average ⌬I / ⌬ value experimentally measured is only one-fifth of the theoretical prediction. Figure 11 shows a refinement in the microcantilever geometry, where the enhanced IR absorber can be seen. Two darker lines in the IR absorber indicate that a thicker SiN x layer is deposited. The curvature radius of the enhanced IR absorber was thus measured to be 30.23 mm, where the undesired deformations are at a very low level. If the optical readout sensitivity can thus be increased enough to be close to the theoretical prediction, the fabricated FPA has the potential to achieve a NETD value of 70 mK. On the other hand, as shown in Fig. 6 , it would also be beneficial to refine the geometry of the supporting frame to decrease its thermal conductance.
IV. CONCLUSION
In summary, an optimized substrate-free FPA has been presented. Because of the large decreases in both the thermal conductance and the heat capacity, the supporting frame of the substrate-free FPA is a temperature-variable one, which significantly increases the IR radiation conversion efficiency and the thermomechanical sensitivity. Compared with the substrate FPA, the thermal response sensitivity theoretically increases by about 5.5 times. Using the fabricated FPA, the optical readout uncooled IR detector is characterized by an average NETD of about 330 mK, with some microcantilevers having a NETD as low as 160 mK. The thermal response time of 16 ms is consistent with the acquired 30 frames/s real-time thermal video. It should be emphasized that further refinements are envisioned in various aspects, including the optimization of the supporting frame, the enhanced IR absorber, and the optical readout. The finite element analysis showed that by decreasing the thermal conductance of the supporting frame, the performance of the fabricated FPA can increase by about 87%, and moreover, weaken thermal cross talk. The enhanced IR absorber would also be beneficial to decrease the undesired deformations. If the optical readout sensitivity can thus be increased enough to be close to its theoretical prediction, the fabricated FPA has the potential to achieve a NETD value of 70 mK.
